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Domestic hot water tanks represent a signiﬁcant potential demand side management asset within en-
ergy systems. To operate effectively as energy storage devices, it is crucial that a stratiﬁed temperature
distribution is maintained during operation; this paper details experimental and numerical work con-
ducted to understand the inﬂuence that wall material speciﬁcation has on de-stratiﬁcation within do-
mestic hot water tanks. A 2d axisymmetric CFD (Computational Fluid Dynamic) model was consistent
with experiments which showed that switching from copper to stainless steel resulted in a 2.7 fold
reduction in useable hot water loss through reduced de-stratiﬁcation for a 74 L UK domestic hot water
tank over a 48 h period. During simulation, a counter rotating convection system, with peak velocities of
0.005 m/s, was observed above and below the thermocline. Minimizing de-stratiﬁcation, through
appropriate wall material selection, increases the performance of hot water tanks and scope for their use
in demand side management applications. Given the inconclusive evidence surrounding copper's efﬁcacy
as a sanitizing agent, along with the low tensile strength of polyethylene, this paper advocates the use of
stainless steel in hot water tank walls and further exploration of alternative materials and composites
which have low cost and low thermal conductivity along with high strength and manufacturability.
© 2014 Published by Elsevier Ltd.1. Introduction
Domestic hot water usage is responsible for between 17 and 39%
of household energy demand [1,2]; consequently, domestic hot
water tanks represent a potentially signiﬁcant source of energy
storage to accommodate the large and intermittent demands of
instantaneous power that occur throughout the day in a typical
dwelling [3]. The transition towards renewable energy sources has
led to an increased focus on the potential application of demand
side management strategies for electric domestic hot water sys-
tems [4,5]. Off peak connection of domestic hot water heating el-
ements has been a routine measure in the UK since 1978 to
efﬁciently utilize conventional base-load power plant such as coal
and nuclear [6]. Atikol et al. found that in North Cypress, demand
side management of electric hot water tanks could potentially
delay the procurement of peaking generation equipment, saving
over ten million dollars in capital costs alone [5]. In Lebanon, a
recent lifecycle analysis recommended the use of renewable energy
sources to directly provide domestic hot water which is the largest
consumer of primary energy within homes in the country [7]. InArmstrong).addition to this, an economic analysis of load management within
the German residential sector has shown that thermal energy
storage for domestic hot water and space heating is key to realizing
the targets associated with the country's transition to renewable
energy sources, or Energiewende [8].
Simple, ﬁxed-volume hot water tanks, exploiting natural ther-
mal stratiﬁcation, provide an economic means of storing energy
[9,10], and are an attractive proposition given the challenges
associated with other forms of energy storage, such as: ﬂywheels,
super-capacitors and batteries [11]. Flywheel's have to be con-
structed from composite materials to absorb energy in the event of
the assembly disintegrating and require a partial vacuum and high
efﬁciency bearings to avoid excessive rates of self-discharge; a
recent prototype trialed for home energy storage in sub-Saharan
Africa had to work in tandem with lead acid batteries to be viable
[12]. Battery based energy storage systems are problematic in that
they rely on materials that are either toxic in the case of lead acid
batteries or volatile in the case of Lithium Ion cells [13]; whilst
Lithium Ion chemistries achieve far higher energy densities than
lead acid systems, they rely on a more elaborate battery manage-
ment system to avoid thermal runaway which can lead to electrical
ﬁres [14]. Supercapacitors, often touted as the future substrate for
energy storage on account of high cycle life, reliability and a low
Nomenclature
Parameter, symbol, units
ambient temperature Ta, C
analytical wall temperature T2, C
analytical water temperature T1, C
average tank vertical velocity v, m/s
axial wall ﬂux Qaw, W
cost function input features a,b,c, NA
cross sectional area A, m2
density r, kg/m3
dimensionless time t*, NA
Fourier number Fo, NA
Grashoff number Gr, NA
gravitational acceleration g, m/s2
gravitational acceleration g, m/s2
heat capacity Cp, J/kgK
initial tank temperature Ts, C
inlet water temperature Tc, C
internal energy Ej, J
internal exergy Ex, J
internal tank pressure P, Pa
kinematic viscosity y, m2/s
local wall water temperature difference DT, K
mass m, kg
Nusselt number Nu, NA
Prandtl number Pr, NA
radial wall heat ﬂux Qr, W
Rayleigh number Ra, NA
tank circumference l, m
tank diameter d, m
tank height H, m
tank radius r, m
tank wall hoop stress sh, Pa
tank wall longitudinal stress sl, Pa
tank wall thickness T, C
tank wall Von Mises stress sVM, Pa
thermal conductivity k, W/mK
time t, seconds
useable volume Vu, liters
useful temperature threshold Tu, C
vertical coordinate in tank x, m
volumetric expansion coefﬁcient b, 1/K
water temperature T(x), C
P. Armstrong et al. / Energy 78 (2014) 128e140 129environmental foot-print [15,16], at present suffer from achieving
relatively low energy densities, high rates of self-discharge and
efﬁciency penalties associated with the power electronics required
to manage the change in terminal voltage against state of charge
during operation [17]. Tanks of heated water or water-glycol can
store energy with a near indeﬁnite cycle life, low environmental
footprint and low cost. A 120 L tank purchased in the UK represents
a cost of approximately 50 $/kWh1 compared with 120 $/kWh and
600 $/kWh for lead acid and lithium ion respectively [18]. If we
consider the dryweight of a hotwater tank, a higher speciﬁc energy
density is achieved in terms of the mass of materials used in its
construction at 0.47 kWh/kg compared with 0.04 kWh/kg and
0.15 kWh/kg for lead acid and lithium ion.
Effective operation of hot water stores relies on natural thermal
stratiﬁcation [20]. Stratiﬁcation, which arises as water density
changes with temperature [21], ensures that a stable outlet and/or
heat exchanger temperature is maintained; this reduces the
requirement for cyclic ﬁring of heating elements and lowers
standing heat losses [10,22]. De-stratiﬁcation will compromise the
system's ability to utilize ﬂexible tariff schemes and ultimately
reduces the extent to which variable sources of renewable energy
can be accommodated. In the case of solar ﬁred hot water systems,
thermal stratiﬁcation ensures that the return temperature to the
collector is minimized during operation improving the overall heat
transfer from the collector-tubes to the water and increasing the
number of hours over the day during which the system can operate
effectively [23].
Much work has been undertaken to understand the design
features that promote thermal stratiﬁcation and minimize de-
stratiﬁcation during operation. In Ref. [22], the role of the
Richardson's number, which expresses the ratio of potential to ki-
netic energy within stratiﬁed water, was identiﬁed. During ‘dy-
namic mode operation’, where hot water is drawn from the tank,
stratiﬁcation breaks down as ﬂow rates increase and the1 Assuming a 117 L BS7e UK hot water tank operating at 60 C with an inlet
temperature of 20 C. Example unit sourced from RMCylinder.com.Richardson's number drops [24], this can be observed in experi-
ments where the vertical temperature distribution is monitored
over time [25]. Increasing the tank's aspect ratio (height/diameter)
reduces dynamic mode de-stratiﬁcation at the expense of elevated
heat losses [26] with an optimum value being somewhere between
3 and 4, a range conﬁrmed experimentally in Ref. [27].
This paper's focus is on how the materials selected for the inner
wall of a tank contribute to de-stratiﬁcation during a tank's ‘static-
mode’ of operation. Whilst the tank stands unused, holding heat on
standby, de-stratiﬁcation arises due to both heat losses and vertical
conduction, this can be observed experimentally in Ref. [28].
To predict rates of static-mode de-stratiﬁcation, Abdoly et al.
applied a radial conduction model to the water and wall volumes
within a hot water tank. Themodel under-predicted the rates of de-
stratiﬁcation that occurred during experiment, the authors hy-
pothesized that this was due to eddy currents occurring around the
thermocline region which were neglected and that a thinner wall
would have led to reduced rates of de-stratiﬁcation [29]. Com-
mercial one dimensional stratiﬁcationmodels include an additional
heat transfer term to account for this source of de-stratiﬁcation
[30]. Further detail of the phenomenon was revealed by CFD
(Computational Fluid Dynamic) analysis which indicated buoyancy
driven ﬂows arising close to the tank wall [31]. Fan et al. have shed
light on the global ﬂow pattern throughout a de-stratiﬁed tank
with their analysis [23], however there has been little emphasis on
the local ﬂow phenomenon occurring around the thermocline for a
stratiﬁed temperature distribution and how this inﬂuences local
heat transfer correlations. The extent to which de-stratiﬁcation is
inﬂuenced by wall material selection has also not been explored.
The thermal conductivity of any wall material that is selected for
a hot water tank will have a bearing on the rate of static mode de-
stratiﬁcation. Historically, hot water tanks in the UK have been
made of copper [32] which has a thermal conductivity that is
approximately 40 times greater than stainless steel. The reason that
copper is so widely used is that it is a malleable material which is
easy to machine and has low rates of corrosion along with
perceived antimicrobial qualities [33]. However, in spite of this
perception, it was found in Ref. [34] that of 457 hot water systems
P. Armstrong et al. / Energy 78 (2014) 128e140130sampled for Legionella, a pathogen associated with Legionnaire's
disease [35], systems plumbed in copper were in fact more
frequently associated with contamination. In two separate studies
of student apartments, proliﬁc bacterial growth was found in the
bottom of domestic copper tanks [20,36]. Given that the sanitary
performance of copper-walled hot water tanks is debatable, this
paper explores the implications that alternative material choices
would have on thermal performance.
We begin by considering the criteria associated with tank wall
material selection in Section 2 allowing us to narrow the choice of
candidate options for analysis in subsequent sections. To quantify
the relative thermal performance of these choices, Section 3 in-
troduces the metrics used to assess rates of internal de-
stratiﬁcation. Section 4 discusses the limitations associated with
one-dimensional analytical and numerical approaches which leads
into Section 5 which details an experimentally validated 2d CFD
model. This model is validated through laboratory testing described
in Section 6. Both experimental and numerical results are pre-
sented in Section 7 to inform a discussion and conclusions in Sec-
tion 8.
2. Wall material selection criteria
When specifying the tank wall material, a number of criteria
including: cost, compatibility with potable water, mechanical
properties and thermal performancewill have to be considered.We
deal with each of these in turn:
2.1. Material cost
Table 1 shows the prices associated with the materials consid-
ered in this paper. In recent years the price of copper has ﬂuctuated
between $3000 and $10,000 USD/ton and is presently worth
$7000 USD/ton [37]. Between September 2012 and January 2013,
stainless steel has averaged $2800 USD/ton and peaked at
$3000 USD/ton, or roughly half the price of copper [38]. Poly-
ethylene, a plastic used in potable hot water applications [33],
traded for between $1500 and $1700 USD/ton throughout 2013 [39]
making it about half the price of stainless steel.
2.2. Compatibility with potable water
Any wall material in contact with potable water will have to
withstand corrosion and should not promote the growth of bioﬁlms
which can host human pathogens. Heavy bacterial colonization has
been associated with certain rubbers, silicones and aluminum
[40e42] whilst Aluminum has been associated with the onset of
neurological disorders such as Alzheimer's [43,44]. There is con-
ﬂicting evidence around copper's potency against bacteria; one
laboratory study found copper to exhibit lower growth rates than
other plumbing materials [45] however this is contradicted by Ref.
[34] where a positive correlation between copper walled tanks and
Legionella growth was observed.Table 1
Materials and their associated parameters considered in this paper.
Material Strength (MPa) Thermal conductivity (W/mK)
Copper C106 200e300 398
Stainless steel (UNS444000) 415 26.8
Cross linked polyethylene 14e40 0.33
Rigid polyurethane insulating foam NA 0.0282.3. Mechanical properties
Copper is malleable and straightforward to work whereas
stainless steel is harder to drill and welds at higher temperatures
requiring more sophisticated manufacturing processes [46]. Whilst
Polyethylene can be joined easily at low temperatures, its relatively
low tensile strength limits its application without reinforcement
from other materials within a composite assembly. Composite
pressure vessels have been developed where a pre-tensioned
continuous ﬁlament winding is wrapped around an inner liner
material to achieve high strength and low weight [47]. Given the
relatively low pressures that domestic hot water systems operate
at, composite wall structures will not be considered in this paper.
The maximum operating pressures for unvented UK hot water
systems is 6.5 bar [48]. The wall thickness will be speciﬁed in order
to withstand the associated stresses at this pressure. When the
ratio of wall thickness, T, to vessel radius r, within a cylindrical
vessel falls beneath 1/20, membrane stress theory can be applied to
resolve the Von Mises stresses, sVM, that occur by calculating the
longitudinal and hoop stresses, sl and sh, that prevail [49]:
sh ¼
P:r
T
(1)
sl ¼
P:r
2T
(2)
sVM ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
s2h  shsl þ s2l
q
(3)
where: P is the pressure within the tank.
Whilst the above analysis provides a good approximation of the
stresses for the vertical wall sections, stress concentrations arise
where the geometry changes towards the top and bottom ends of
the tank; this is reﬂected in the British design standard for vented
cylinders which speciﬁes a thicker grade of copper for the top and
bottom dome sections [32]. To optimize the thickness of wall ma-
terial across the entire cylinder, ﬁnite element stress analysis is
required [50].
The stresses that prevail within the tankwall will be determined
by both the operating pressure and tank diameter. In the UK, the
average hot water consumption is 122 L/day [19]; this can be
satisﬁed by a UK BS8e tank which has a diameter of 450 mm [32].
The amount of wall material required can be calculated using
equations (1)e(3) and through reference to gauge requirements
speciﬁed in BS7206:1990 [48]. Table 2 shows these gauge re-
quirements translated into costs against operating pressure for a
BS8e tank operating over the range of standard operating pressures
in the UK.
Table 1 shows the tensile strength associated with themainwall
material options. Cross linked polyethylene has the lowest tensile
strength of between 14 and 40 MPa [51] rendering it unsuitable on
its own. However, there may be scope for its use if reinforced by
other materials; for instance a glass reinforced ﬁber plastic tank,Manufacturability Material
cost ($/ton)
Properties
reference
Malleable, welds at low temperatures 7000 [55,56]
More difﬁcult to machine, requires more
sophisticated welding processes
3000 [48,57]
Joins at low temperatures though requires
additional materials to withstand operating pressures
1600 [51,58]
NA NA [59]
Fig. 1. Cross section illustrating temperature distribution through a hot water cylinder
annotated to show thermocline region.
Table 2
Cost of wall materials against operating pressure for a 144 L cylindrical tank.
Operating
pressure (bar)
Stainless cost ($) Copper cost ($) Polyethylene
liner cost ($)
2.5 26.5 90.2 3.4
3.5 26.5 140.3 3.4
4.5 28.4 180.4 3.4
5.5 34.1 220.5 3.4
6.5 39.8 260.6 3.4
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tested recently in Nigeria [52].
In addition to the material options discussed so far, some
manufacturers produce tanks using a vitreous enamel coating
applied to steel, however the enamel is prone to cracking due to
thermally induced stresses meaning that sacriﬁcial anodes are
required and a shorter lifespan can be expected compared to
stainless steel [53].
2.4. Thermal performance
Domestic hot water tank walls range in thickness by between
0.5 and 2.6 mm [32,48]. Being thin and metallic, the inner wall has
little inﬂuence on heat losses which are determined primarily by
the external insulation cladding. Typically, a 50 mm thick layer of
rigid polyurethane foam is applied to domestic tanks in the UK.
However, it has been observed that a signiﬁcant fraction of the heat
ﬂux conducted vertically during de-stratiﬁcation is through the
metal tank inner walls and convection currents adjacent to them
[26,31,54], it is this mechanism that will be explored in later sec-
tions of this paper.
2.5. Summary table
Table 1 summarizes the three wall materials that will be
analyzed. The insulation foam applied to the experimental test
tanks, detailed in Section 6, is also included.
3. Evaluating rates of de-stratiﬁcation
One of the primary objectives of a hot water tank is to maintain
the availability of heat during operation. Consequently, the extent
to which heat is degraded over time needs to be quantiﬁed. This
section discusses a range of metrics that can be used to evaluate the
inﬂuence of different wall materials and grades on rates of standing
de-stratiﬁcation.
Fig. 1 illustrates the temperature distribution through a hot
water cylinder:
In Ref. [10], water based thermal energy storage systems are
assessed on the basis of Exergetic performance. Exergy is deﬁned as
the maximum amount of useful work that can be extracted from a
unit of energy within its environment [60]. We can track the loss of
Exergy occuring within the tank over time for a vertical tempera-
ture distribution throughout a tank, T(x), with respect to the
ambient temperature Ta assuming constant cross sectional area,
pressure and heat capacity using equation (4). Whilst we assume
that T(x) describes each horizontal temperature band for a given
vertical position, there will be areas close to the walls and ther-
mocline region where unsteady spatial variations in horizontal
temperature distribution arise due to convection, it is assumed that
these regions account for a negligible fraction of the overall volume
of water within the tank, an assumption which is consistent with
the widespread application of isothermal nodes used in one-
dimensional stratiﬁcation models [61e63]. Since measurable ratesof de-stratiﬁcation occur over relatively long timescales of hours or
more [64], we assume that for any instant in time, the system can
be measured with the assumption that the conditions are at steady
state, in other words there is no signiﬁcant error associated with
the transient nature of T(x) which only appears over long
timescales.
ExðtÞ ¼ mCp
ZH
0
ðTðxÞ  TcÞ

1 Ta=TðxÞ

dx (4)
An alternative metric, referred to as useable volume, Vu [20],
quantiﬁes the volume of ﬂuid from a tank that can be mixed to a
useful ﬁnal operating temperature, Tu. For domestic applications, Tu
is typically between 41 C to 44 C, depending on whether the
application is bathing or showering [65] and will be assumed to be
43 C throughout this paper. The amount of useable volume within
a tank can be computed as follows:
VuðtÞ ¼ m
ZH
x at TðxÞTu
1þ TðxÞ  Tu
Tu  Tc dx (5)
where Tc is the inlet water temperature.
To distinguish between heat loss and de-stratiﬁcation, the en-
ergy content within the tank, Ej, can also be deduced for an ambient
temperature, Ta.
Ej ¼ mCp
ZH
0
ðTðxÞ  TaÞdx (6)
If we consider a tank in static mode after heating, the rate of
Exergy destruction, useable volume destruction and energy loss,
can be evaluated by computing equations (4)e(6) at two intervals,
occurring at t1 and t2:
Ex; destroyed
̇
¼ Exðt2Þ  Exðt1Þ
t2  t1
(7)
Vu; destroyed
̇
¼ Vuðt2Þ  Vuðt1Þ
t2  t1
(8)
Ej; lost
̇
¼ Ejðt2Þ  Ejðt1Þ
t2  t1
(9)
The output of equations (7) and (8) will be used in later sections
of this paper to assess the relative performance of copper and
P. Armstrong et al. / Energy 78 (2014) 128e140132stainless steel over time for both the experimental and numerical
analysis that has been undertaken.4. One dimensional analytical and numerical treatment
To compute equations (4)e(6), a model is required to determine
the vertical temperature distribution, T(x) and its evolution over
time. A coupled heat equation forms the basis of a one dimensional
model formulated in Ref. [22] for the purpose of developing analyt-
ical formula that describe thermal stratiﬁcation within a vertical
cylinder. The analysis begins by considering heat transfer between
the tank water and wall volumes using equations (10) and (11):
k1A1
v2T1
vx2
 r1Cp1A1v r1Cp1A1
vT1
vt
¼ hðxÞlðT2  T1Þ (10)
k2A2
v2T2
vx2
 r2Cp2A2
vT2
vt
¼ hðxÞlðT2  T1Þ (11)
where: subscripts 1 and 2 refer to water and wall properties
respectively, Cp is the speciﬁc heat capacity, r is density, k is thermal
conductivity, T1 and T2 stand for temperatures as a function of
position x for both the water and wall volumes, A is the cross
sectional area, v is the average vertical ﬂow velocity through the
tank which is zero for static mode operation, x is the vertical po-
sition as shown in Fig. 1 and l is the tank circumference.
Of particular interest is the parameter h(x) which denotes the
local ﬁlm heat transfer coefﬁcient between the wall and water. Since
h(x) couples equations (10) and (11), analytical solutions were not
available to the authors in Ref. [22]. However an analytical solution
with empirical coefﬁcients was derived on the assumption that
vertical conduction through the wall was negligible (k2 ¼ 0). How-
ever, both numerical and experimental work discussed in this paper
demonstrates that vertical conduction through the wall has a highly
signiﬁcant inﬂuence on the rate of de-stratiﬁcation within the tank.
Given the limitations associated with analytical approaches, a
numerical approach to equations (10) and (11) could be taken if an
appropriate function describing h(x) can be found. An averaged
Nusselt number for a heated vertical cylinder is presented in Ref.
[66], however the authors of this paper could ﬁnd no correlations
that relate to a conductive vertical geometry which is immersed in
a stratiﬁed ﬂuid. One correlation, presented in Ref. [67], relates
speciﬁcally to a cylinder which is cooled at the top and heated from
the bottom where the wall is assumed to be either a perfect insu-
lator or conductor of heat meaning that it could not be applied for
this application where the conductivity of the wall changes
depending on the material selection. A one dimensional stratiﬁca-
tion model called TRNSYS, which is used extensively in the litera-
ture [62,68e71], makes use of an extra conduction term in the
energy balance for each node to account for the inﬂuence of con-
vection currents around the wall [54]. However, this conduction
term has to be derived empirically.Fig. 2. (Left) drawing of stainless test tank (middle) axi-symmetric polyhedral mesh
(right) detailed view of wall mesh.5. CFD model
Given the limitations associated with one dimensional ap-
proaches, along with the lack of relevant heat transfer correlations
in the literature, a CFD model was developed to provide further
insight. 3D CFD simulations were found to agree with experimental
results presented in Refs. [31] and [72]. To reduce simulation time,
the model in this paper comprises of a 2D axi-symmetric section
which is simulated using the ﬁnite volume method [73] in the
StarCCMþTM software environment [74]. To implement an
axisymmetric model, the governing equations associated with eachnode in the mesh are expressed in cylindrical coordinates [75]; an
example of this approach is given in Ref. [76].
A polyhedral mesh was used to simulate the wall and water
volumes associated with the stainless test tank detailed in Section
5, Fig. 2. A 2nd order solver using a simulation time step of 1 s was
used. The Boussinesq approximation, where: the density is
assumed to be constant along with all other ﬂuid properties,
viscous dissipation is assumed to be negligible and an additional
buoyancy force term is included in the momentum equation which
takes account of the thermal expansion of water with temperature
was applied [77]. The domain over which the Boussinesq approx-
imation is valid has been provided by Gray and Giorcini [78].
Table 3 provides a summary of the model and hardware used
during simulation whilst Fig. 2 shows the polyhedral mesh applied
to an axisymmetric section of the Stainless tank Geometry.
The initial temperature distribution throughout the CFD model
was derived from the experimental measurements detailed in
Section 5. An appropriate interpolant function had to be chosen so
that all values throughout the mesh could be initialized. The
following analytical solution to equations (10) and (11) for a strat-
iﬁed temperature distribution, derived in Refs. [22], was used [79]:
TðxÞ  Tc
Ts  Tc ¼
1
2
2
6641þ erf
0
BB@
x
L  tt*
2
ﬃﬃﬃﬃﬃ
Fo
p ﬃﬃﬃt
t*
q
1
CCA
3
775 (12)
where, Ts is the initial temperature throughout the tank, L is the
height of the tank, Fo is the Fourier number and t* is the system time
constant.
To ﬁt equation (12) to the measured temperature distribution,
the hypothesis function described by equation (13) was developed
from Ref. [9] where coefﬁcients a, b and c were input features to the
non-linear least squares cost function which was minimized with
respect to T(x) for measurements T(n). This procedure was under-
taken in the Matlab™ environment and a detailed description can
be found in Refs. [80,81]:
TðxÞ ¼ a
2
641þ erf
0
B@xL  a
b
1
CA
3
75þ Tc þ c (13)
where:
a ¼ Ts  Tin
2
(14)
Table 3
Details of CFD Model used in this paper.
CFD model parameter Value
Model Laminar
Solver 2nd order
Simulation time step 1 s
Mesh type Polyhedral
Run time 10.8 s simulation time for 1 s
real time (4 h 27 min for 48 h simulation)
Platform details Processor: Intel i3-2100 3.1 GHz
8 GB of RAM
Fig. 4. Section view of BS7 copper cylinder showing temperature sensor placement.
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6.1. Description of apparatus
An experiment with two objectives was conducted. Firstly, the
CFD model described in Section 5 needed to be initialized and
validated so that awider exploration of alternative material options
could be explored. Secondly, a direct comparison of the static mode
de-stratiﬁcation rate for a commercially available domestic tank
made in copper and an equivalently sized stainless steel unit was to
be made. This was to test the hypothesis that de-stratiﬁcation
would be less pronounced for stainless cylinder walls due to the
lower thermal conductivity compared to copper walls (see Table 1).
Two tanks with a volume of 74 L and diameter of 350 mmwere
tested (Fig. 3). One tank was made from 1 mm thick stainless steel
(type UNS444000 speciﬁed in Ref. [48]) whilst the other was a
commercially available British Standard BS7 tank made from
0.7 mm thick copper (type C106) as speciﬁed in Ref. [32]. The
stainless tank was 790 mm high whilst the copper tank was
900 mm tall but with the same volume because of domed top and
bottom features which conform to British Standard 699:1984 [32].
Both cylinders had a 57 mm immersion port centered half way up
the side of the tank wall to accommodate a 3 kW direct 279 mm
immersion heating element. Prior to being sprayed with 50 mm of
polyurethane rigid insulating foam, both tanks were ﬁtted with an
array of 8 internal temperature probes comprising M5 nylon bolts
which were center drilled to accommodate T-type thermocouple
temperature sensors. Each probe assembly was inserted such that
the thermocouple junctionwas immersed in thewater at a distance
of 50 mm ± 5 mm radially from the tank wall. The probe intervals
were spaced at isochoric intervals as shown on Fig. 4 and consistent
with the experimental procedure undertaken in Ref. [20].
The experimental procedure involved turning both immersion
elements on at the same time until the thermostats reached 60 CFig. 3. (Left) Stainless steel tank, (center) coppat which point they were shut off. The vertical temperature dis-
tribution was then measured for a period of 48 h as the tanks de-
stratiﬁed and lost heat to their surroundings. The temperature
distribution, recorded immediately after the point at which the
heating elements were shut off, was used to initialize the CFD
simulation detailed in Section 5.6.2. Error analysis
Errors can be considered in quadrature where measurements
are made independently of each other allowing for more preci-
sion to be assumed [82]. However, the thermocouples used in
this experiment made use of a single cold reference for each tank
meaning a potential common source of error and therefore a
more conservative approach to the analysis has been taken. The
maximum error associated with each parameter has been
assumed and applied such that the worst possible band of
uncertainty þErr(param)4Err(param) can be determined for
equations (4)e(6). Equations (15) to (20) show how this is
implemented for errors in temperature, DT, and water mass
measurements Dm for exergy, energy and useable volume
measurements.
þErrðExðxÞÞ ¼½mþ DmCp
ZH
0
ð½TðxÞ þ DT   ½Tc  DTÞ

1 ½Ta  DT ½TðxÞ þ DT

dx
(15)er tank, (right) insulated tanks under test.
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ZH
ð½TðxÞ  DT   ½T þ DT Þx p
0
c

1 ½Ta þ DT ½TðxÞ  DT 

dx
(16)
þErrðEjðxÞÞ ¼ ½mþ DmCp
ZH
0
ð½TðxÞ þ DT   ½Tc  DT Þdx (17)
ErrðEjðxÞÞ ¼ ½m DmCp
ZH
0
ð½TðxÞ  DT   ½Tc þ DT Þdx (18)
þErrðVuðxÞÞ ¼ ½mþ Dm
ZH
x at TðxÞTu
1þ ½TðxÞ þ DT   Tu
Tu  ½Tc þ DT  dx
(19)
ErrðVuðxÞÞ ¼ ½m Dm
ZH
x at TðxÞTu
1þ ½TðxÞ  DT   Tu
Tu  ½Tc  DT  dx
(20)
The errors were added to the measurements before the inter-
polant function was applied to the integral within the above
equations.Fig. 5. Experimental results: (a) vertical temperature distribution over time for the copper t
useable volume over time for both copper and stainless tanks where þE and eE denote value
copper and stainless tanks.The thermocouple readings were all found to be within ± 0.5 C
of a 5 point UKAS calibrated platinum resistance thermometer
reference with quoted accuracy of ± 0.05 C within a stirred water
calibration bath. A set of digital scales recorded the water mass to
within ± 0.1 kg. This yields worst case errors of ± 0.01 kWh
and ± 0.09 kWh on application of equations (15)e(18).
Estimating the uncertainty associated with Vu is less straight-
forward due to the lower limit on the integral term in equations (5),
(19) and (20). The upper and lower bounds for Vu are therefore
calculated across the entire duration of the experiment and shown
alongside the results on Fig. 5d.7. Results
This section presents the results of the experimental and nu-
merical analysis, we begin by presenting the experimental data
from the test detailed in Section 6, this was used to initialize the
CFD model described in Section 5. Once validated by experiment,
the CFDmodel was used to explore the ﬂow patternwithin the tank
along with a number of alternative wall material options the results
of which are detailed towards the end of this section.7.1. Experimental results
Themeasured temperature distribution over time for the copper
and stainless tanks is shown by Fig. 5 (a) and (b). After warm up, the
temperature distributions within both tanks were nearly identical
with initial exergy and useable volume values being within 0.2%
and 0.6% of each other with initial values of 1.077 MJ compared toank, (b) vertical temperature distribution over time for the stainless tank, (c), change in
s associated with maximum error (d) changing internal exergy and energy for both the
Fig. 6. Evolution of vertical temperature distribution from initial condition after, 5, 10
and 20 h against CFD model. (HL) ¼ model where heat losses to ambient are included,
(A) shows CFD model output for adiabatic system.
Fig. 7. Evolving temperature ﬁeld against CFD simulation for copper tank.
Fig. 8. Temperature and velocity ﬁelds around thermocline for cop
P. Armstrong et al. / Energy 78 (2014) 128e140 1351.075 MJ and 65.4 compared to 65 L for the stainless and copper
units respectively. Comparing Fig. 5 (a) and (b) over the 48 h period,
de-stratiﬁcation is much more rapid in the copper cylinder as can
be seen by themore rapid convergence of temperatures. The results
of this are evident in Fig. 5 (c) which shows the change in useable
volume over time; all useable hot water, for a threshold tempera-
ture of 43 C, was lost in the copper cylinder by 28 h (±1 h)
compared to 42 h (±11/2 h) for the stainless tank. After 24 h, the
copper tank had 24% less exergy than the stainless tank, as the
temperatures converge, the disparity between the two tanks
reduce such that by 48 h measurement error bounds overlap one
another (Fig. 5 (d)).
For the ﬁrst 12 h, the relationship between useable volume loss
and time for both the copper and stainless tanks were linear with
values of 2.1 L per hour (R2 ¼ 0.95) and 1.18 L per hour (R2 ¼ 0.98)
respectively (Fig. 5(c)). This linearity breaks down in the hours
towards total loss of useable volume.7.2. CFD results
Here we show the CFD results. Before exploring the resulting
vector ﬁelds and de-stratiﬁcation rates for different wall material
choices, we ﬁrst verify the output of the model against the stainless
and copper test tanks by examining Fig. 6. Simulated temperatures
from referencemesh node center positions, whichwerewithin 1.5%
of the vertical position of temperature sensors 1 to 8 and 5 mm
from the tank wall, were extracted and compared with experi-
mental results. The temperature distribution for both the initial
state after warm-up along with the states after 5 h and 10 h for the
stainless tank and CFD output are shown. The model and experi-
ment agreed within the ± 0.5 C measurement error associated
with the thermocouples after 5 h. However, after 10 h, the mea-
surements and CFD results divergewith a maximum discrepancy of
1 C between the reading from T7 and the associated CFD mesh
node. Fig. 7 shows the evolving temperature proﬁle for copper
against the CFD results where the peak discrepancy rose to 1.1 C
after 10 h.
Once the model had been validated, the vector ﬁelds within the
ﬂuid domain of the simulation were examined. Fig. 8 shows the
difference in simulated internal velocity ﬁelds for the copper andper (left) and stainless (right) walled 350 mm diameter tanks.
Fig. 9. (Left) heat engine analogy for natural convection presented in Ref. [83] (right) twin heat engine analogy applied to a conductive wall within a stratiﬁed ﬂuid.
P. Armstrong et al. / Energy 78 (2014) 128e140136stainless tanks around the thermocline region. A convection system
adjacent to the wall can be observed.
Two counter rotating currents can be seen above and below the
thermocline, the pattern is more pronounced for the copper wall
compared to the stainless. Peak velocities of 0.005 m/s and
0.003 m/s were observed in the copper and stainless tanks
respectively; this is consistent with simulated velocities encoun-
tered in Ref. [31] which were found to be between 0.003 and
0.015 m/s. To explain the observation, we draw upon a heat engine
analogy which is presented by Bejan [83] to describe the process of
natural convection against a vertical heated wall (Fig. 9).
Bejan describes how ﬂuid close to a heated surface, at temper-
ature Ts, expands and rises before cooling and contracting within a
cold reservoir adjacent to the wall at temperature T∞. The CFD
velocity ﬁeld, indicated in Fig. 8, suggests an extension of this
analogy whereby two separate heat engines, below and above the
thermocline run clockwise and counter clockwise respectively as
heat is transferred from the top of the tank to the bottom via a
conductive wall, this is illustrated by the right hand side of Fig. 8. In
this case, we have an adjacent cold reservoir at temperature T∞b
and an adjacent hot reservoir at T∞a.
The simulated radial heat ﬂux exchange between the water and
tank wall, Qr, arising from the system illustrated by Fig. 9, is plotted
on Fig. 10 against the temperature distribution, T(x). Above the
thermocline, the heat ﬂux is negative reﬂecting the fact that heat is
withdrawn from the ﬂuid whilst beneath the thermocline, the heatFig. 10. Simulated radial heat ﬂux exchange between wall and water for stﬂux is positive as the water below is heated. The peak value
recorded for copper is 1858 W/m2 compared to 356 W/m2 for
stainless and 25 W/m2 for polyethylene. If we assume the heat
losses from the tank wall to the environment to be negligible
compared to the conjugate exchange with the water, then the net
radial heat exchange should equal zero, we can therefore estimate
the total axial heat transfer, Qa, from the top of the tank to the
bottom during de-stratiﬁcation via the following equation:
ZH
1 =Qaz
0
2 jQrðxÞjdx (21)
Qa values of 181.5, 11 and 0.8 W for 1 mm walls made from
copper, stainless and polyethylene were calculated respectively for
a thermocline gradient of 400 K/m.
The thermocline gradient will depend on the geometry and
thermal distribution associated with heat transfer surfaces within
the tank, along with the passage of time during which the gradient
drops. Table 4 presents the value of the measured thermocline
gradient within the stainless and copper tanks after warm up
alongside values found in the literature:
To determine the inﬂuence of the thermocline gradient, mesh
wall node temperatures andwater node temperatures from outside
of the thermal boundary layer were taken alongside the wall radial
heat ﬂux values, Qr(x), to calculate the local heat transfer coefﬁcientainless and copper 1 mm walls with thermocline gradient of 400 K/m.
Table 4
Thermal gradients measured and sourced from the literature.
Experimental study Maximum measured
thermocline gradient (K/m)
Initial gradient in stainless tank 407
Initial gradient in copper tank 395
S. Alizadeh et al. [84] 297.5
J. Fernandezseara et al. [28] 174.7
E. M. Kleinbach et al. [62] 105.3
Jordan and Furbo [70] 286
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thermocline gradients of 400 and 200 K/m.
The average local heat transfer coefﬁcients were 205 W/m2 and
202 W/m2 for thermocline gradients of 400 K/m and 200 K/m
respectively. Whilst h(x) was relatively ﬂat across most of the wall,
there appeared to be a pronounced dip around the thermocline
region, this is associated with reduced buoyancy driven ﬂowwhich
can be observed in Fig. 7. The magnitude of these values was
checked against the values provided by the averaged Nusselt
number, Nu, for natural convection around a vertically heated plate
given in Ref. [85]:
Nu ¼ 0:1R1=3a for 109 < Ra < 1013 (22)
where the Rayleigh number is given as:
Ra ¼
gb

DT

H3
y2
Pr ¼ GrPr (23)
where: g is gravitational acceleration, b, is the volumetric expan-
sion coefﬁcient, DT is the average temperature difference between
the wall and water outside the thermal boundary layer measured
from the CFD model, y is the kinematic viscosity and Gr is the
Grashoff number. The average heat transfer coefﬁcient, h, can then
be given by:
h ¼ Nuk
H
(24)
Equation (18) yielded values of 180 and 166 W/m2K for ther-
mocline gradients of 400 and 200 K/m.
It has been shown that heat transfer correlations for cylindrical
geometries are equivalent to results applied for ﬂat plates providing
the diameter to height ratio exceeds the following ratio [86]:Fig. 11. Simulated local heat transfer coefﬁcient for 1 mm copper wall alongside averagedd
H
 551 =4 (25)Gr
For the stainless tank tested and simulated in this paper, the RHS
of (25) is 55=G1=4r ¼ 0:28 whereas d/H ¼ 0.44 indicating that the
heat transfer results discussed in this section would be applicable
for both ﬂat plates and cylinders where the above condition is met
and where 109 < Ra < 1013.
With the CFD simulation validated by the stainless test tank,
along with the check that values seemed reasonable against those
produced by the correlations described in (22), the CFD model was
run for the different material choices involving: copper, stainless
and polyethylene. Results for both perfect wall insulation (adia-
batic) and tanks insulated with 50 mm of polyurethane foam with
Ta ¼ 15 C over a period of 12 h were produced. These results,
alongside measurements from the test tanks, are presented in
Fig. 12 and Table 5.
As had been observed during experiment, the CFD results
indicated an approximately linearly relationship between
decreasing useable volume and time over 12 h with R2 values
provided in Table 4. The CFD model was consistent with the
stainless test tank to within ± 1.3 L and ± 1.2 L for the copper tank
over the duration of the 12 h run.
Table 4 shows that the selection of stainless over copper for a
1 mm wall decreased useable volume loss by a factor of 2.7 with a
switch from copper to polyethylene yielding a 5 fold reduction.
Perfect insulation of a 1 mm stainless wall resulted in a 9.4%
reduction in usable volume loss compared to 50 mm of Poly-
urethane with a reduction of 64% for copper.
Equations (1)e(3) were applied to estimate the pressure rating
of the vertical wall section with a factor of safety of 3 using the
ultimate tensile strength values speciﬁed in Table 1. 1 mm grade
polyethylene could withstand less than 1 bar of pressure making it
unsuitable without reinforcement whereas stainless could with-
stand more than 9 bar of pressure.
8. Discussions and conclusions
The experimental and numerical ﬁndings in this paper clearly
demonstrate that the use of copper as a wall material results in a
signiﬁcant increase in the rate of de-stratiﬁcation during the tank's
static mode of operation. Total loss of useable hot water occurred
after 28 h for the copper tank under test compared to 42 h for the
stainless unit which had the same volume and overall diameter.
The consequences of this are that during operation, the copper tank
would be less capable as a store of intermittent energy on a
renewable or ﬂexible tariff scheme since the heating elementanalytical ﬂat plate correlations based on mean wall water temperature difference.
Fig. 12. Simulated and measured useable volume loss curves for stainless, copper and polyethylene materials.
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of hot water for the end user. Further work is required to quantify
the system costs associated with de-stratiﬁcation in hot water
tanks within energy systems against different draw cycles along
with the extent to which improved standing thermal performance
can lead to better utilization of renewable energy sources.
A 2D axi-symmetric CFD model was validated against the
measurements taken from the stainless and copper test tanks. This
model runs much faster than a 3D equivalent allowing for an
exploration of alternative wall materials. The numerical results
showed that the selection of stainless over copper, for a 1 mm thick
wall, decreased useable volume loss by a factor of 2.7 with a switch
from copper to polyethylene yielding a 5 fold reduction. In addition
to this, the lower cost of stainless compounded with its higher
tensile strength means that for mains pressurized systems oper-
ating up to 6.5 bar, a lighter, thinner, stainless wall within a UK tank
would be less than a sixth of the material cost in comparison to its
copper equivalent; further analysis is required to account for the
additional manufacturing costs associated with stainless due to its
higher melting temperature and stiffness. Whilst a polyethylene
wall exhibits very low rates of de-stratiﬁcation, it would have to be
reinforced by additional materials. Further work is required to
understand whether alternative low conductivity materials and
composites could offer signiﬁcant improvements in useable volume
and exergy retention, one option may be stainless coated with
vitreous enamel glass, this would lower thermal conductivity and
be immune to the corrosion problems that have been encountered
in enameled mild steel tanks.
The results discussed in this paper apply where the initial
thermocline position was half way up the tank, in practice the
thermocline shape and position will depend on the location of all
thermal inputs along with the operation of the system over time.Table 5
Simulated and measured rates of useable volume and exergy loss within test tanks for d
Material type/thickness Useable volume loss
rate over 12 h (liters/hour) (R2)
Initia
exer
1 mm copper with losses (CFD) 3.12 (0.99) 1.06
BS7 tank 0.7 mm copper nominal (measured) 2.10 (0.95) 1.06
0.7 mm copper CFD 2.11 (0.99) 1.05
1 mm copper adiabatic (CFD) 1.91 (0.99) 1.08
1 mm stainless (Measured) 1.18 (0.98) 1.07
1 mm stainless with losses (CFD) 1.16 (0.99) 1.08
0.7 mm stainless with losses (CFD) 1.03 (0.99) 1.06
1 mm stainless adiabatic (CFD) 0.97 (0.99) 1.08
1 mm polyethylene with losses (CFD) 0.60 (0.96) 1.08
1 mm polyethylene adiabatic (CFD) 0.49 (0.99) 1.08Further work is required to understand how these factors inﬂuence
system performance against realistic draw cycles.
The evidence for copper as a sanitizing agent is inconclusive,
whilst it has been shown to inhibit legionella under laboratory
conditions, ﬁeld work in the literature has found a positive asso-
ciation between copper tanks and legionella along with proliﬁc
bacterial growth. On the basis of this, along with the ﬁndings in this
paper, it would seem that the superior thermal performance,
reduced material cost and high tensile strength associated with
stainless steel; makes it a preferable alternative to copper. Whilst
the use of polyethylene would result in a lower rate of de-
stratiﬁcation compared to stainless, polyethylene has been associ-
ated with higher rates of bioﬁlm growth and would require addi-
tional materials to compensate for its low tensile strength.
Reducing the thickness of stainless steel walls from 1 mm to
0.7 mm decreases useable volume loss by 13%, however the asso-
ciated pressure rating falls to 6.3 bar which is beneath the rating of
expansion relief valves in pressurized UK domestic systems [48].
This highlights the trade-off between material thickness, de-
stratiﬁcation, pressure rating and material cost when specifying
the wall thickness. It is also crucial to consider the stress concen-
trations that arise towards the top and bottom ends of a hot water
cylinder where the wall thicknesses must be increased. Further
work should be undertaken to explore these trade-offs along with
fabrication techniques that could optimize the wall grade without
incurring unreasonable costs.
The CFD analysis provided further insight into the ﬂow patterns
that arise within the tank. Counter rotating convection currents
were observed above and below the thermocline. This convection
system was more pronounced for a copper wall compared to
stainless or polyethylene due to the higher rate of heat ﬂux that
travels radially and axially through the wall. Future work couldifferent wall materials and thicknesses.
l internal
gy (MJ)
Final internal exergy (MJ) Exergy loss (%) Maximum tank wall
operating pressure (bar)
0.412 39 4.4e6.6
0.69 35 3e4.6
0.68 35 3e4.6
0.77 29 4.4e6.6
0.80 25 9.1
0.82 24 9.1
0.85 21 6.3
0.97 10.2 9.1
0.84 22 0.3e0.8
0.99 8.3 0.3e0.8
P. Armstrong et al. / Energy 78 (2014) 128e140 139examine whether this physical insight can lead to the formulation
of more accurate heat transfer correlations for conductive walls
immersed in stratiﬁed ﬂuids, this would improve the accuracy of
one dimensional stratiﬁcation models allowing the implications of
standing thermal performance of hot water tanks to be understood
over larger time-scales within the context of a power system.Acknowledgments
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